The study investigated the separate and combined effects of ventilation rate, free convection flow produced by a thermal manikin, and the presence of objects on the distribution of tracer gas and particles in indoor air. The concentration of aerosol particles and tracer gas was measured in a test room with mixing ventilation. Three layouts were arranged: an empty room, an office room with an occupant sitting in front of a table, and a single-bed hospital room. The room occupant was simulated by a thermal manikin. Monodisperse particles of three sizes (0.07, 0.7, and 3.5 μm) and nitrous oxide tracer gas were generated simultaneously at the same location in the room. The particles and gas concentrations were measured in the bulk room air, in the breathing zone of the manikin, and in the exhaust air. Within the breathing zone of the sitting occupant, the tracer gas emerged as reliable predictor for the exposure to all different-sized test particles. A change in the ventilation rate did not affect the difference in concentration distribution between tracer gas and larger particle sizes.
| INTRODUCTION
In indoor spaces, people are constantly exposed to different pollutants present in the air. Airborne particles (also known as aerosol particles) are a major exposure concern due to their effects on human health. They can penetrate into the respiratory system and cause inflammatory effects. 1, 2 Particles with biological origins, such as bacteria and fungi, can activate allergic alveolitis and allergic asthma symptoms among occupants. 3 Additionally, particles expelled (ie, droplets) by people can carry pathogens and cause the transmission of infectious diseases to other occupants. [4] [5] [6] Therefore, it is vital to have a good understanding of the spread of indoor aerosol particles, especially when they are released in occupied spaces. The most important reason that indoor environments are ventilated is to provide occupants with clean air for breathing. Many studies have shown that the effect of airflow distribution on personal exposure to indoor air pollutants varies with regard to the air distribution method used. 5, [7] [8] [9] [10] [11] [12] [13] Full-scale experiments and computational fluid dynamics (CFD) predictions are among the most popular methods used today to help understand the air pollution distribution in ventilated rooms. 14, 15 Computational fluid dynamics modeling has become a powerful tool for studying indoor particle dispersion and spatial distribution 13, 16 Although CFD provides highly time-and space-resolved simulations, there are uncertainties and errors associated with the CFD boundary conditions and numerical schemes. 17, 18 Therefore, it is essential that the numerical simulations are validated with data obtained from experimental measurements. Full-scale experiments are valuable because they include actual thermo-fluid conditions, which allow studies to be performed at close to real conditions. A number of experimental studies relied only on tracer gas measurements to simulate the behavior of both gaseous and particle indoor-emitted pollutants. For instance, tracer gases such as N 2 O and CO 2 have been used to mimic the movement of infectious aerosol droplets emitted by air exhaled from a breathing thermal manikin in simulated hospital wards. 7, 8, 19 However, particles are larger and heavier than gas molecules and thus behave differently.
There are several differences between the behavior of tracer gas and aerosol particles. The key difference is observed when they approach a surface; the tracer gas molecule reflects from the surface, whereas the aerosol particle attaches to the surface via an adhesive force. Moreover, the probability of particle deposition on a surface depends strongly on particle size. Ultrafine particles, up to diameters of a couple hundred nanometers, exhibit Brownian motion and deposit on all surfaces by diffusion; the smaller the particle, the more intense the diffusional deposition is observed. Particles larger than several hundred nanometers in diameter exhibit non-negligible mass and inertia. They can be deposited either by gravitational settling at longer residence times on upward-facing surfaces or by inertial impaction at higher stokes numbers on surfaces facing their original direction of motion. The larger the particles, the higher are the observed deposition rates. Particles in the middle size range, say between 200 nm and 1 μm, are only weakly influenced by the above-mentioned mechanisms and their deposition rates minimal.
Tang et al. 15 reported in their review article that airborne particles (particularly exhaled droplet nuclei) smaller than 5-10 μm can be simulated with tracer gas, as they often stay suspended in the air for long time. The study suggested that the particles will follow the air stream. However, only a few studies have conducted direct comparisons of tracer gas and particle behavior in ventilated rooms.
Zhang et al. 16 made a direct comparison of the distribution of SF 6 tracer gas and 0.7 μm particles in an air-conditioned full-scale airliner cabin mock-up. They found that the distribution of the two simulated pollutants within the cabin was similar. However, they also concluded that the dispersion characteristics of micron-sized particles can still be different from that of a gas despite their general similarity. A study by Noakes et al., 20 simulating a hospital isolation room with mixing air distribution (10 air changes per hour (ACH)), showed good agreement between the behavior of N 2 O tracer gas and 3-5 μm particles, both of which were released from a heated cylinder (resembling a patient in bed). Another related study by Beato-Arribas et al. 21 concluded that CO 2 tracer gas and aerosolized Bacilus Subtilus bacteria are comparable in their distribution in a single isolation hospital mock-up ventilated at 12 ACH. However, measurements of the pollutant concentrations at the breathing zone of a simulated person with realistic body geometry and skin temperature distribution were not performed in these studies. The complex human body shape and the buoyancy flows generated from the body are important for transport of pollution at the vicinity of the body, exposure, and air distribution in spaces. 22, 23 It is well-documented that the free convection flow (FCF)
around the human body adds to the complexity of a room's airflows interactions and occupants' exposure to pollutants. 12,24-26 Licina et al. 24, 25 studied the importance of FCF around a sitting person and its impact on the transport of gaseous and particle pollutants toward the breathing zone. However, the exposure to particles and tracer gas was studied in different setups and thus cannot be directly compared.
Rim and Novoselac 12 investigated the concentration distribution of particulate and gaseous pollutants in the vicinity of a human body at the same time. They considered the effects of the source position and the overall airflow patterns on the inhalation exposure to the airborne pollutants. These studies provide valuable information on the relationship between air distribution patterns in rooms and the transport of gaseous and particle pollutants. However, they did not provide information on how separate parameters, such as air change rate and increase of surface area by objects in rooms (furniture, etc.), may affect the deposition of particles and therefore the relationship between the distribution of gas and aerosol particles in the room.
Such information is especially important when studies aim to evaluate the personal exposure to airborne particles in ventilated spaces using only tracer gas.
Conducting experiments with particles is generally much more challenging than experiments with tracer gases. Due to the particles' complex nature and highly variable sizes, it is not easy to find and select available measuring techniques. 27 The advantages of using only tracer gas in exposure measurements are the easy and inexpensive setup, possibility of sampling at many locations, and the relatively simple processing of the measured data. On the other hand, the gas cannot be used as a complex substitute for particles of all sizes due to the different physical forces acting on them. Moreover, particles have various morphologies and shapes, making the simplification of utilizing tracer gas as surrogate even more difficult.
The main objective of this study was to verify the use of tracer gas as a relatively accurate means of identifying exposure to different well-defined indoor aerosol particle sizes. It was examined the relationship between gas and particles dispersion in a room with overhead mixing air distribution. An important aim of this study was to identify the influence of factors, such as air change rate, the surface area inside the room, and the FCF around a sitting person (heated thermal manikin), on the distribution of monodispersed aerosol particles and tracer gas. This study also investigated the effects of the
Practical Implications
• The results of this study will contribute to a better understanding of the relationship between the transport behavior of gas and particles. Such knowledge is important for the realistic prediction of aerosol particles distribution in ventilated rooms when using tracer gas techniques.
The data can be used to validate CFD models for the evaluation of the distribution of pollutant concentrations and airflow patterns in rooms with overhead mixing ventilation.
interaction between the FCF generated by a lying person in bed and local exhaust airflow on the dispersion of particles and tracer gas released close to a body.
| METHODS

| Experimental setup and design
The experiments were performed in a test room of 2.6 m (height) × 4.7 m (length) × 1.66 m (width). The walls of the room were made of particleboard and were insulated with 0.06 m thick styrofoam plates.
One of the walls was made from thick single-layer glazing. The room was carefully sealed prior to the experiments in order to avoid undefined infiltration. The room was air-conditioned via mixing total volume air distribution. Outdoor air was supplied to the room through a two-way square ceiling diffuser with solid faceplate (the directions in which the two air jets were discharged by the supply diffuser are shown in Figure 1 ). The air supply diffuser was mounted in the center of the ceiling. Just before entering the test room, the supplied outdoor air was filtered by a high-efficiency particulate (HEPA) filter, class H14, to assure particle-free air. The air was exhausted through a ceiling mounted circular diffuser (Ø 200 mm). The ventilation rate during the experiments was either 3.5 ACH or 7 ACH. Air supply diffusers with different sizes were used to achieve similar air jet pattern In this study, five experimental scenarios were investigated to evaluate the effect of different parameters on the distribution of tracer gas and particles:
Empty 
| Tracer gas and particle generation and measurement
During the experiments for scenarios 1˗4, particles of one of the three well-defined sizes (0.07, 0.7, and 3.5 μm) and nitrous oxide (N 2 O) tracer gas were generated simultaneously at a constant rate from one location in the room ( Figure 1 ). The three particle sizes were selected to represent particles from the ultrafine, fine, and coarse size ranges, each of which were influenced by different deposition mechanisms. Measurements of particles and tracer gas concentrations were carried continuously from the start of the particle injection and the tracer gas until a steady state was observed, and a sufficient number of repeated measurements were obtained in order the variation in the tracer gas concentration to become <10% (see Data analysis section).
Previous studies
After a measurement was completed, the concentration decay of aerosol particles and tracer gas was measured in most cases.
| Data analysis
The data were analyzed by estimating the average concentration of particles (#/cm 3 ) and tracer gas (parts per million (ppm)) during the steady-state time period. The results were then normalized by the average concentration at the exhaust air. This type of normalization allowed comparison between all data sets across all the particles sizes.
When the normalized concentration was less than "1," it meant that the concentration obtained at the measured location (breathing zone or centre of the room) was lower than the concentration at the exhaust (ie, lower contaminant exposure). The variability (coefficient of variation (CV)) of the measurements of the particles and tracer gas is given in the results as error bars on the column chart. The CV, calculated as the ratio of standard deviation to mean concentration obtained for each location, was less than 10% in most measurements and in the range of 11%-19% for only a few measurements. The standard deviation and the mean were calculated based on 50 samplings for the tracer gas, about 100 for the coarse and fine particles, and about 1400
for the ultrafine particles (sampled with the CPC using the two-way valve). Twenty samplings for the ultrafine particles were taken with the SMPS. All sample numbers were held for one steady-state only.
Furthermore, the data were analyzed in accordance with the ISO/ IEC Guide 33 for the expression of uncertainty. The absolute expanded uncertainty was estimated based on the bias and resolution of the instruments used to measure the aerosol particles and tracer gas concentrations as well as the reproducibility (standard deviation) of the measured concentrations. All uncertainties estimated based on the measured particle concentrations were 10% of the mean value for all particle instruments. All uncertainties of the tracer gas concentration measurements were calculated to be 5% of the mean. The absolute expanded uncertainties are reported at a 95% confidence interval with a coverage factor of 2.The measured concentrations (C i,t n ) during scenario five were also normalized to the tracer gas and particle concen- where C i,t n is the measured tracer gas or particle concentration at time t n and C i,t 0 is the measured gas or particle concentration at time t 0 .
Further analyses were performed on the concentration decay measurements in scenarios 1˗4 in order to estimate the overall loss rates of aerosol particles of different sizes. Overall particle loss rate (λ*) includes the deposition rate of aerosol particles (β) and air change rate(λ):
The overall particle loss rate can be derived from a simple mass balance equation 34 describing the change in concentration of aerosol particles in an indoor environment: where C i (t) represents concentration of aerosol particles of a given size indoors at time t, C 0 is the concentration of aerosol particles when the particle generation was stopped, C ∞ is the concentration of aerosol particles in a steady state (ie, background aerosol particles concentration), and λ* is the overall particle loss rate.
The above-mentioned assumptions were fulfilled during the measurements: (i) After the particle generation was finished there was no other source of aerosol particles; (ii) the room air velocities were too low to be able to cause any measurable resuspension of deposited particles; (iii) generated particles of all sizes were close to monodisperse distribution (with a geometric standard deviation below 1.2), and concentrations were relatively low, so Brownian coagulation could be neglected; (iv) the particle concentration after the generation stopped was taken as the initial concentration at time 0.
The experimental curves measured at the three locations for the three particle sizes and the scenarios 1-4 were fitted with the model using a MATLAB code utilizing the constrained Nelder-Mead simplex method 35 in the code procedure. The method is used to find such parameters of the model equation that minimize the sum of squares of residuals between theoretical prediction and experimental data.
| RESULTS
3.1 | Overall particle loss rate for scenarios 1˗4 Figure 3 shows particle overall loss rates obtained using the fitting of the simplified solution of mass balance model to experimental data by the procedure described above. It has to be noted that the mass balance model assumes ideal mixing in the space (homogeneous concentration). As will be shown later, this assumption was not fulfilled in all studied scenarios. Nevertheless, in the case of point measurements, this method can be used assuming sufficient local mixing in the vicinity of the sampling point. Also, the overall particle loss rates are presented here instead of deposition rates. The deposition rates can be calculated by subtracting the air change rate from the overall particle loss rate assuming constant air change rate. The local air change rate in the sampling points was not measured, and therefore, it was not used for the calculation of the deposition rates. Moreover, the SMPS total concentration (breathing zone position) is burdened with higher uncertainty than CPC (center of the room and exhaust position). These deviations may come from the higher charge on the generated aerosol particles (from the nebulizer) following incomplete particle charge neutralization (not reaching Boltzmann charge
⋅t F I G U R E 3 Aerosol particle overall loss rates calculated for different positions and particle sizes for different scenarios: (A) 3.5 ACH in an empty room, (B) 7 ACH in an empty room, (C) 7 ACH, manikin heating OFF, (D) 7 ACH, manikin heating ON. Points represent values determined by fitting the model equation. The error bars represent the values of root mean square error (RMSE), which corresponds to differences between model and the measured data. The connecting lines do not have any physical meaning and were added just to lead the readers' eye in order to easier recognize points which belong to the same scenario equilibria), which can result in under-or over-estimation of particle concentrations in measured size bins (depending on the prevailing charge polarity). Nevertheless, keeping these limitations in mind, the SMPS data still represent valid information about aerosol particle concentration and its time evolution in the given point.
Generally, it can be stated that in the scenarios 1˗4 the fine particles (0.7 μm) reached the lowest values of overall particle loss rate, meaning that these particles should have had the most similar behavior to the tracer gas. In other words, these particles were the least influenced by main deposition mechanisms (Brownian motion or gravitational settling). Figure 3A ,B show that the particle loss was enhanced when the air change rate in the room was increased from 3.5 to 7 ACH. The other general feature observed from the overall particle loss rate curves was that the lowest particle loss rates were obtained at center of the room and were the highest in the breathing zone of the manikin (except for the fine and coarse particles with the heated manikin). This can be explained by non-ideal mixing in the room, which decreased the overall particle loss rates in the centre of the room and increased it in the breathing zone. The overall breathing zone particle loss rates were also increased by the presence of the manikin.
The effect of increased deposition surface area (manikin, table, and chair) was more pronounced for ultrafine particles (0.07 μm) than for coarse particles (3.5 μm). These results can be explained by the fact that ultrafine particles are able to deposit on all the available surfaces due to Brownian diffusion. By contrast, coarse particles deposit by gravitational settling and settle mostly on upward facing surfacesrepresented only by the table and manikin's cross sections. On the other hand, the heating of the manikin decreased the values of overall particle loss rate substantially for fine and coarse particles at the breathing zone of the manikin. This effect could have been caused by the FCF around the manikin body, which narrows the boundary layer around the manikin. In addition, the non-ideal surface of manikin's clothing causes turbulence. The combined effect of these two factors can be enhancing deposition onto the manikin's surface. Therefore, it can lower the initial concentration at the sampling point at the breathing zone. Figure 4 presents the normalized concentrations of the tracer gas and particles measured at the breathing zone and at the center of the room during the first four experimental scenarios under steady-state conditions. The results in the figure indicate that there was a nonuniform concentration pattern in the room during each scenario. It can be seen that both tracer gas and particles' transport behavior resulted in lower normalized concentrations at the center of the room than at the breathing zone. Results for the ultrafine particles measured at the breathing zone are missing in Figure 4A due to instrument failure during these measurements. In Figure 4A , the results show that the N 2 O tracer gas, fine (0.7 μm) particles, and coarse (3.5 μm) particles followed identical patterns at both measuring points with only 2%-9% difference between the normalized concentrations. On the other hand, it is apparent that the concentration distribution of ultrafine (0.07 μm) particles was quite different at the center of the room than the N 2 O gas and the other particle sizes. This difference may be because more of the 0.07 μm particles already deposited before being exhausted from the room due to diffusion compared to the tracer gas and the other particle sizes. As a result, the measured particle number concentration of the ultrafine particles was lower at the exhaust than at the centre of the room, and therefore, the normalized concentration of these particles was the highest in Figure 4A .
| Distribution of tracer gas and particles under steady-state conditions (scenarios 1˗4)
F I G U R E 4
Comparison of normalized concentrations across N 2 O tracer gas and different-sized particles for the first four scenarios: (A) 3.5 ACH in empty room, (B) 7 ACH in empty room, (C) 7 ACH, manikin heating OFF, and (D) 7 ACH, manikin heating ON In order to find the impact of the ventilation rate on the gas and particle concentration distribution, the ACH in the empty room was increased from 3.5 ACH to 7 ACH. The results are presented in Figure 4B . In contrast to the experiment at 3.5 ACH, it can be seen that at 7 ACH, the ultrafine particle concentration pattern at the centre of the room was similar to the behavior of the gas. The results in Figure 4B also show that in both measuring points, there were no large differences between the 3.5 μm and 0.7 μm particle concentration distributions and the concentration pattern of the gas. These results suggest that the ventilation rate is important for comparing the behavior of the ultrafine particles with tracer gas, whereas for coarse and fine particles, it does not have big effect in the studied range. It should be noted that the concentration of the 0.07 μm particles at the breathing zone in the empty room was slightly higher than the gas distribution and the other particle sizes.
In mechanically ventilated spaces, airborne particles tend to deposit on indoor surfaces without being exhausted from the space. A table and an unheated dressed manikin sitting on a computer chair were added to the room in order to determine whether the particle concentration distribution would be affected. The results from this experiment are shown in Figure 4C . Overall, the normalized concentration distribution of all particles, as well as the tracer gas, was not changed by the additional surfaces in the room. By comparing the results shown in Figure 4B ,C, it is observed a tendency that the particles' normalized values obtained at the breathing zone decrease when the furniture and the manikin were added to the room. As mixing air distribution does not always assure totally mixed flow, it should always be expected a change in the normalized values when the flow pattern in the room is changed by other air speed or geometry, etc.
The gas and particle concentration at the center of the room remained the same ( Figure 4C ) as was the case of the empty room at 7 ACH ( Figure 4B ).
The results obtained from the experiment with the heated manikin are shown in Figure 4D . In Figure 4D , the concentration distributions of the N 2 O gas and the particles show similar behavior as can be observed in Figure 4B ,C. In contrast to the results in Figure 4B ,C, the difference between the normalized concentration of the gas and the 0.07 μm particles in the breathing zone of the heated manikin was the smallest. When comparing Figure 4C ,D, it is clear that the normalized concentration of 0.07 μm particles at the breathing zone decreased by about 18% when there was FCF around the manikin.
The FCF around the manikin did not prevent the smallest particles to move around the manikin. In fact, the FCF made the boundary layer thinner and, in combination with the non-ideal surface of the manikin's clothing caused some turbulence. As a result, the ultrafine particles deposited more on the manikin's surface due to diffusional deposition (both Brownian and turbulent). Figure 4D also shows that the normalized values of the gas and the three sizes of particles at the center of the room were closer to "1" than the other two experimental scenarios at 7 ACH. The results suggest that the presence of the free convection flow that transformed to a thermal plume above the manikin's head enhanced the mixing of the air in the room. ) between the tracer gas and the particle sizes 3.5 μm and 0.7 μm was above 0.9. The r 2 coefficients of determination between the ultrafine particles and the gas for the different scenarios
(1-4) were in the range of 0.7-0.85. It can be seen that the concentration curves for the gas and particles are identical. The normalized steady-state data showed that there was only 5% difference between the gas and the fine particles normalized (by the average concentration at the exhaust) average values at the breathing zone and 2% difference at the center of the room. From the data in Figure 5 , it can also be seen that the VM had high capturing efficiency, reducing the contaminant concentrations by about 90% after reaching steady-state N 2 O gas and particle concentrations.
| Scenario 5: single-bed hospital room
| DISCUSSION
| Overall particle loss rate
The overall loss of the particles due to deposition was affected by the different controlled parameters. Our results show that the increased surface (presence of manikin, table, and chair) mainly influenced ultrafine particles (0.07 μm) deposited on all surfaces as opposed to coarse particles deposited dominantly on upward facing surfaces. This agreed with the finding reported by Thatcher et al. 36 that large particles are not strongly influenced by increases in vertical and downward
Comparison of the normalized 0.7 μm particle concentration with tracer gas normalized concentration based on release close to the manikin's body, and effect of local exhaust ventilation facing surface area. On the contrary, submicron particles are more strongly affected, as they deposit effectively to surfaces of all orientations. In the current study, it was also found that at the higher airflow rate, the loss rate of the particles of all sizes increased. These results are consistent with other research which found the same effect of increasing the room airflow rate on the particles deposition. 36, 37 In general, aerosol particle deposition indoors is important because it decreases the air particle concentration and thus the occupants' exposure. It is interesting to note that in this study, the convective flow created a "protective" boundary layer around the heated manikin surface and decreased the overall particle loss rate in the breathing zone.
Thus, the interaction of the background flow and the free convection flow is important for the transport of and exposure to aerosol particles.
| Impact of ventilation rate
The airflow pattern within a room can have a considerable effect on the transport of airborne normalized pollutants. This study shows that there was a concentration gradient in the room (when steady state was reached) for the gas and particles at both 3.5 ACH and 7 ACH.
Yet, the normalized concentration of the N 2 O tracer gas, the fine particles, and the coarse particles followed similar distributions at the measured points in the room during scenarios 1˗4. This indicates that airborne particles behave like tracer gas for air change rates exceeding 3.5 ACH However, it was also found that the transport behavior of ultrafine particles is influenced by the ventilation rate more than fine and coarse particles. It is known that Brownian diffusion is an important deposition mechanism for ultrafine particles. 38 In the present study at the lower ventilation rate, the Brownian diffusion seems to be dominant over the airflow pattern in the room when compared to the higher ventilation rate. The Brownian motion is moving the particles in all directions with the same probability unless there is another driving force directing the particles. Whenever the particle gets close to the surface, it has to overcome the boundary layer. The deposition is thus also influenced by the thickness of the boundary layer. In the case of the Brownian diffusion, the wall acts as a particle sink causing concentration gradient across the boundary layer and therefore results in diffusional flux of particles toward the wall. However, the magnitude of this effect needs to be verified by direct measurements of particle deposition on surfaces and visualizating flow patterns or modeling of the flow field by CFD tools. Nevertheless, it is possible to hypothesize that ultrafine particles will not act as tracer gas in a room where the air change rate (ACR) is low (in our case 3.5 ACH or lower). In contrast, at 7 ACH and with an empty room, the distribution of 0.07 μm particles was similar to that of the other particles and gas, suggesting that the particles followed the airflow pattern in the room better than 3.5 ACH. It is worthwhile to note that the air change rate has a huge influence on the absolute concentrations (double flow rate, half concentration). In the current study, the used normalization of the data is to be able to compare gas concentrations with particle concentrations.
| Comparison with other studies
The findings in this study are in agreement with the findings of previous studies that showed tracer gas can be used to evaluate the distribution of aerosol particles in ventilated rooms. 12, 16, 20 The concentration patterns of tracer gas measured at the mouth of the heated manikin and the center of the room appeared to be comparable to that of all the studied particle sizes. These results are in agreement with Rim and Novoselac's findings, 12 
| Impact of interaction of airflows and objects
An important finding was that the increase in the contact surface area of room objects with room air by the addition of a table and seated unheated manikin did not change the similarity of the distribution pattern of the 0.07 μm, 0.7 μm, and 3.5 μm particles to that of the tracer gas ( Figure 4C ). Despite these results, it should be noted that the additional surfaces were relatively small in comparison to the surface of the empty room. That is why no significant change was observed in the normalized concentration distribution.
The interaction between the FCF generated around the body of the heated manikin with the background room changed the air distribution in the room and resulted in a more homogeneous environment ( Figure 4D ). Nonetheless, it did not influence the similar transport pattern of the particles and the gas. On the contrary, it seems that when there is FCF around the manikin, the difference in the normalized concentration distributions between the 0.07 μm particles and the tracer gas at the breathing zone decreases. This finding suggests that tracer gas can be used as a measure of occupants' exposure even to ultrafine particles.
The above results confirm that the convective boundary layer is important for personal exposure as well as the level of mixing between the supply air and room air. 12, [24] [25] [26] Depending on the source location and background pollution distribution, the free convection boundary layer may increase exposure or reduce it. It also may not affect the exposure (ie, complete mixing). As the room air distribution is difficult to control, an advanced air distribution supplying clean air to the breathing zone is recommendable. 39 Localized exhaust methods can also be used to remove particles from active indoor heat sources such as the human body and exhaled air. 
| Single-bed hospital room
The results from this scenario clarified to what extent measurement of tracer gas distribution can be used to predict 0.7 μm particle transport when released or resuspended from a person's body or from a mattress while a person is resting in bed. The results show that the particles behave exactly the same as the tracer gas when a person is in a supine position and his/her FCF is disturbed by local exhaust airflow. To develop a full picture of the tracer gas and particle behavior when they are released from a lying person, additional studies will be needed that include measurements of other particle sizes and do not include a local exhaust in the bed.
| Implication of results
The current results suggest that tracer gas can be used to assess the removal of particles (range: 0.07-3.5 μm) to validate the performance of mixing air distribution in certain room layouts. Comparison of tracer gas and particle normalized concentrations measured at the mouth of the heated manikin also suggest that tracer gas can be used to predict potential personal exposure to 0.07 μm, 0.7 μm, and 3.5 μm particles.
There are many disease-causing microorganisms that have similar particle sizes to the ones used in this study. For instance, most contagious bacteria have sizes within the fine range of 0.2-1 μm. Furthermore, airborne droplet nuclei (evaporated droplets generated by human respiratory activities) range from 1 to 5 μm. 41 Curseu et al. Previous studies have demonstrated that a significant fraction of human-induced resuspension of particles from mattresses and bedding can be inhaled by sleeping occupant. 30, 31 The airflow interaction in the microenvironment of a person has a fundamental effect on their exposure to pollutants generated in the vicinity of the body. 26 Hence, in order to improve a person's inhaled air quality, it is suggested that the microenvironment close to the human body is locally controlled.
The present study shows that there is the possibility of testing local exhaust ventilation systems for their ability to remove fine aerosol particle contaminants using tracer gas.
| Study limitations
These results raise the possibility of using tracer gas techniques to predict the distribution of aerosol particles in ventilated rooms with some limitations in regards to particle size. The findings in the study cannot be extrapolated to all particle sizes, especially for particles in the coarse-mode range larger than 3.5 μm. It is expected that the use of gaseous tracers to mimic the behavior of aerosol particles would progressively decrease as size increases in this range. The study did not take into account also other air distribution patterns, such as displacement air distribution or other positions of the supply and exhaust diffusers. The study is also restricted to processes taking place only in rooms without recirculation. The location and type of the source and occupants' activity may also have different effects on particle and gas dispersion. The current source location may produce better particle and gas comparisons in contrast, for example, if the source was located close to a surface such as the floor, for which particles deposition losses before mixing occurs would be more important. The lack of proper simulations of the occupant's breathing flow in this study might lead to some incorrect predictions, especially for coarse particles (as shown by Rim and Novoselac
12
). This needs to be further studied.
The tracer gas and particles concentrations were measured at only three points in the room due to not enough available particle counters. It is hard to draw a general conclusion about the use of tracer gas to simulate the aerosol particles behavior in all possible situations in practice. All conclusions are based on the variation in the measured values at the three sampling points in the room. Future studies on the current topic are therefore recommended and should include more measuring points as well as analysis of the decay rate of tracer gas and different particle sizes compared to local air change rate. Such analysis can provide better understanding if it is the particle deposition or just mixing patterns that lead to differences or similarities between observed gas and particle behavior.
Another restriction of the current study is that the effect of ACR was examined only in the case of an empty room. Future studies should also examine the impact of different ACRs on the gas and aerosol particles dispersion in a furnished room and the presence of heat sources.
| CONCLUSIONS
This study focused on the comparison of the concentration dispersion of tracer gas and particles with different sizes in a full-scale test room.
The effects of different parameters on the gas and the particles distribution were studied, including air change rate, change in the room surface area, and FCF around an occupant body. The results show that:
• Particles in the fine size range (0.7 μm) are the least influenced by deposition mechanisms and thus should have the most similar behavior to the tracer gas;
• The ventilation rate was important for comparing the behavior of the ultrafine particles and tracer gas; for the 3.5 μm and the 0.7 μm particles the studied ventilation rates did not have a large effect;
• Increasing the room surface area did not influence the similarity of the 0.07 μm, 0.7 μm, and 3.5 μm particle dispersal to that of the tracer gas;
• At the breathing zone of the seated heated manikin, N 2 O gas emerged as a reliable predictor of the exposure to all tested different-sized particles. Furthermore, the results of this study suggest that tracer gas can be used to indicate the exposure of a person lying in bed to 0.7 μm aerosol particles.
More research is needed to provide data on rooms with different furniture layout, source location, thermal plumes generated by various heated objects, and occupant movement.
